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We report on the synthesis of size-classified silicon nanocrystals by differential mobility
classification of a polydisperse ultrafine silicon aerosol. Using the described technique, the average
nanocrystal size can be tuned by simply adjusting an electric field. Samples of nonagglomerated
silicon nanocrystals have been obtained and size control has been achieved within 15%–20% in the
2–10 nm size regime. © 1996 American Institute of Physics. @S0003-6951~96!04422-1#Visible luminescent group IV nanostructured materials
such as porous silicon1 and silicon and germanium
nanocrystals2,3 are potential candidates for silicon-
compatible optoelectronic devices. Although these nano-
structured materials have been the subject of numerous stud-
ies, the mechanism of visible luminescence has not yet been
completely established. Models involving quantum confine-
ment of excitons and interface electronic states have been
proposed in attempts to explain this phenomenon.4–6 Quan-
tum confinement should in principle lead to size-dependent
luminescence spectra, if this is the dominant mechanism for
photocarrier recombination.7,8 Experimental confirmation of
this mechanism requires that measurements be made either
on single nanocrystals or ensembles having carefully con-
trolled sizes. Although size classification of silicon nanocrys-
tals has been achieved to a certain extent by size-selective
chemical precipitation,4 as also demonstrated for II–VI semi-
conductor crystallites,9 most of the studies to date have in-
volved samples with broad size distributions containing large
chains of nanostructures, thereby complicating the interpre-
tation of the luminescence behavior.5,6 In this letter, we dem-
onstrate the generation of nearly monodisperse, nonagglom-
erated silicon nanocrystals via aerosol routes. These
nanocrystals can potentially be used in optical experiments
and help clarify the luminescence mechanism.
The experimental apparatus used in this work contains
five elements: a nanocrystal source, an aerosol neutralizer, a
size classifier, an aerosol concentration monitor, and a col-
lection device. These elements are arranged as shown in Fig.
1. Their functions are summarized as follows.
The silicon nanocrystals are produced in the form of an
aerosol by direct ablation or evaporation of crystalline sili-
con substrates in a high-voltage electric spark discharge.10
Research purity argon ~99.9995% min! further cleaned with
a gas purifier is used as carrier gas for the nanocrystals.
Voltage, current, frequency, and diluent flow rate in the
spark discharge region are adjusted to generate an ultrafine
aerosol in 1–10 nm size range. The initial charge state of this
aerosol is not well known. A known distribution is imparted
on the aerosol by exposing it to ionizing radiation from a
sealed Kr85 b source. Reactions with the ambipolar gas ions
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tion with respect to nanocrystal size which has been pre-
dicted by Fuchs.11
Downstream from the neutralizer, the nanocrystal aero-
sol is classified with a radial differential mobility analyzer
~RDMA!.12 The RDMA is the aerodynamic analog of a dis-
persive mass spectrometer. Physically, this instrument is a
parallel plate capacitor with radial symmetry in which the
positively charged nanocrystals migrate across an inward ra-
dial laminar flow of sheath gas as a result of an electric field.
Because the nanocrystal mobility is a function of its pro-
jected area, nanocrystals with different sizes have distinct
trajectories inside the RDMA. A sampling orifice suitably
placed at the center of the analyzer extracts only nanocrystals
in a narrow window of sizes. By varying the voltage across
the capacitor, the applied field is varied and the size of the
classified nanocrystals can be continuously tuned. Short resi-
FIG. 1. Schematic of the experimental apparatus for synthesis and size
classification of silicon nanocrystals, showing the nanocrystal source, the
aerosol neutralizer, the size classifier ~radial differential mobility analyzer!,
the aerosol concentration monitor ~electrometer or condensation nucleus
counter!, and the collection device ~hypersonic impactor or electrostatic pre-
cipitator!.6/68(22)/3162/3/$10.00 © 1996 American Institute of Physics
ject¬to¬AIP¬license¬or¬copyright,¬see¬http://apl.aip.org/apl/copyright.jsp
dence time and high transmission efficiency of the incoming
aerosol in the 3.0–10 nm size range enable the RDMA to
classify silicon nanocrystals according to mobility down to
sizes relevant to quantum size effects.
The concentration of classified nanocrystals is monitored
by taking 20% of its volumetric flow into a femto-ampere
sensitivity electrometer or, alternatively, into a condensation
nucleus counter.13 The combined operation of the RDMA
and the concentration monitor allows determination of the
nanocrystal size distribution, providing information to ensure
stable operation of the source.
Most of the classified nanocrystals ~80%! are removed
from the gas flow and deposited on a substrate. For this
purpose, both a hypersonic impactor14 and an electrostatic
precipitator15 have been used as collection devices. In the
hypersonic impactor, the nanocrystals acquire hypersonic
speeds as they pass through a nozzle connecting a high pres-
FIG. 2. Bright-field transmission electron micrographs from four samples of
silicon nanocrystals on holey carbon substrates. Size classification was
aimed at ~a! 3.0 nm ~10.0 V at the size classifier!, ~b! 5.0 nm ~24.5 V!, ~c!
7.5 nm ~54.1 V!, and ~d! 10 nm ~111 V!. The insets show the size distribu-
tions determined from the micrographs. The horizontal axis in the insets
corresponds to nanocrystal diameter. It begins at zero and the distance be-
tween two adjacent ticks is 2 nm. The vertical axis is in arbitrary units and
indicates nanocrystal counts from areas larger than shown in the figure.
Total nanocrystal counts were 265 in ~a!, 70 in ~b!, 166 in ~c!, and 181 in
~d!. Gaussian fits to the size distribution data points yield mean diameters of
2.8, 5.2, 8.0, and 11 nm in the samples classified for 3.0, 5.0, 7.5, and 10
nm, respectively.Appl. Phys. Lett., Vol. 68, No. 22, 27 May 1996
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Torr!. This causes nanocrystals larger than ;6 nm to impact
on a substrate perpendicular to the flow. For nanocrystals
smaller than 6 nm, an electrostatic precipitator drives the
nanocrystals towards the collection substrate.
The crystalline nature of the particles has been con-
firmed by electron diffraction and high resolution transmis-
sion electron microscopy ~TEM!. Oxide shells on the nano-
crystals have been detected by x-ray photoelectron analysis
and high resolution TEM. However, in this letter no attempt
is made to distinguish between crystallite size and crystallite-
plus-oxide shell size. Therefore, the terms nanocrystal size
and nanocrystal diameter should be understood as the
‘‘nanocrystal’’ size and ‘‘nanocrystal’’ diameter as resolved
from low resolution TEM micrographs or as determined by
the RDMA calibration.
FIG. 3. ~a! Nanocrystal size distributions prior to size classification, gener-
ated using the size classifier as a spectrometer. Unclassified nanocrystals
present log-normal size distributions with geometric standard deviation sg
;1.4–1.6. The mean diameter changes with dilution rate. The inset shows
same data in log scale. ~b! Nanocrystal size distributions after size classifi-
cation, generated by Gaussian fits to transmission electron microscopy re-
sults from Fig. 2. Classified nanocrystals have size distributions with sg
;1.2–1.3. Mean diameter, standard deviation ~in parentheses!, and voltage
at the size classifier are shown for each curve. Only the well-defined peak at
2.8 nm shown in the inset in Fig. 2~a! is reproduced here.3163Camata et al.
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To collect a size-classified sample, the RDMA voltage
was maintained at a specific value. Classification for differ-
ent sizes was achieved by changing the RDMA voltage. Fig-
ure 2 presents TEM micrographs from samples that have
been classified for ~a! 3.0 nm, ~b! 5.0 nm, ~c! 7.5 nm, and ~d!
10 nm by RDMA voltages of 10.0, 24.5, 54.1, and 111 V,
respectively. Nanocrystals are nonagglomerated and found in
concentrations as high as 1011 nanocrystals/cm2. Approxi-
mately spherical as well as irregularly shaped nanocrystals
are observed. Size distributions obtained from the micro-
graphs are shown in the insets. These distributions represent
nanocrystal counts from areas larger than shown in the fig-
ure. Total nanocrystal counts were 265 in ~a!, 70 in ~b!, 166
in ~c!, and 181 in ~d!. Mean diameters of 2.8, 5.2, 8.0, and 11
nm were found in the samples classified for 3.0, 5.0, 7.5, and
10 nm, respectively. The nanocrystal diameters determined
by TEM agree within the experimental error with the values
predicted by the RDMA calibration.
Although the size distribution in Fig. 2~a! presents a
well-defined peak at 2.8 nm, a significant number of larger
nanocrystals can be identified in the 5–9 nm range. This
result suggests that an important concentration of multiply
charged crystallites entered the RDMA. This leads to the
sampling of larger nanocrystals along with the targeted ones
as the RDMA is a mobility classifier. Supporting evidence
for this interpretation comes from the fact that for the par-
ticular experiment which led to this result, the aerosol neu-
tralizer had been removed from the setup ~Fig. 1! to reduce
the nanocrystal loss at these small sizes. Therefore, it is
likely that a fraction of nanocrystals possessed more than one
elementary charge, partially degrading the size distribution
as observed in Fig. 2~a!.
Figure 3 compares size distributions before and after
classification. In Fig. 3~a! the size distributions before clas-
sification were obtained by scanning the RDMA voltage be-
tween 1 and 7759 V, thereby probing sizes in the 1–100 nm
range. The nanocrystal concentration was measured by the
condensation nucleus counter and electrometer at given sizes
as determined from the voltage on the RDMA. The spark
current was 40 mA and the frequency 120 Hz. These data
indicate that unclassified nanocrystals present approximately
log-normal size distributions with geometric standard devia-
tion sg;1.4–1.6. The mean diameter of the size distribution
can be varied over the 1–20 nm range by adjusting the dilu-
tion rate. In Fig. 3~b! Gaussian fits to size distribution data
points obtained from the TEM results in Fig. 2 are presented.3164 Appl. Phys. Lett., Vol. 68, No. 22, 27 May 1996
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;1.2–1.3. By size classification we have achieved control
over mean nanocrystal size within 15%–20% down to a me-
dian diameter of 2.8 nm. Figure 3~b! reveals that the size
distribution broadens as larger nanocrystals are classified.
All size distributions have, however, approximately the same
sg , indicating consistent operation of the RDMA.
In summary, we have demonstrated the synthesis of
samples of nonagglomerated, size-classified silicon nano-
crystals in the 2–10 nm size regime. Classified nanocrystal
samples were produced by processing polydisperse aerosol
through a radial differential mobility analyzer. The resulting
deposits of size-classified crystallites may be used in elec-
tronic structure characterization experiments and help clarify
the luminescence behavior in silicon nanocrystals.
The procedure for size classification described here is
applicable to ultrafine particles generated by other vapor
phase methods, e.g., pulsed laser ablation or chemical vapor
deposition. These techniques may be combined with differ-
ential mobility size classification to improve size control of
nanocrystal samples.
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